When a nerve axon is cut or crushed, the nerve fibers in the distal part of the axon, separated from the cell body, undergo a form of spontaneous degeneration, known as Wallerian degeneration. A substrain of the mouse inbred strain C57BL, known as C57BL/Ola, carries a mutant form of a gene involved in Wallerian degeneration in the peripheral and central nervous systems, and in retrograde degeneration of retinal ganglion cells. Wallerian degeneration in this substrain is abnormally slow. Previously the defect had been shown to be due to an autosomal dominant gene. The locus has been given the name and symbol Wallerian degeneration Wld, with the mutant allele WldS (Wallerian degeneration-slow). The Wld locus has now been mapped, by using conventional and molecular markers, to the distal end of chromosome 4, near the locus of pronatriodilatin (Pnd). The order of loci (with recombination distances in centimorgans, cM) is cen-D4Mitl-8.9 ± 1.7 cM-Fuca-2.5 ± 0.93 cM-Akp-2-3.2 ± 1.1 cM-WMit48- Wallerian degeneration is a form of spontaneous degeneration of nerve fibers in the distal part of a nerve axon that has been separated from the cell body by cutting or crushing. Lunn et al. (1) found that mice from a substrain of C57BL, known as C57BL/Ola, showed an abnormally slow form of Wallerian degeneration, in response to experimental transection of the sciatic nerve. In the abnormal animals the peripheral portion of the nerve retained the ability to transmit an impulse for up to 2 weeks after section (1, 2), whereas in normal controls this ability was lost by 2-3 days. Axonal viability was assessed by recording the compound action potential in the distal stump of the sciatic nerve 4.5 days after transection. Mice were anesthetized with avertin (0.1 ml/5 g of body weight) and the sciatic nerve was cut at the mid-thigh level. After 4.5 days the mice were killed by cervical dislocation. The distal portion of the cut sciatic nerve was then rapidly dissected from its point of section in the mid-thigh to the ankle. The nerves were placed in a chamber of physiological saline (135 mM NaCl/2.5 mM KCI/10 mM glucose/i mM MgCl2/2.5 mM CaCl2/6 mM Hepes, pH 7.4) at room temperature. The proximal end of the nerve was lifted out of saline onto bipolar silver stimulating electrodes and the distal end onto a pair of silver recording electrodes with the newly cut end on the most distal electrode, the remainder of the nerve being in the grounded saline. Stimulating pulses were 200 ,us in duration, delivered through an optical isolation unit (Isoflex, A.M.P.I., Jerusalem) once every 2 s. Nerves from wild-type mice show no compound action potential with this survival time, whereas those bearing the Wlds gene do so.
Wallerian degeneration is a form of spontaneous degeneration of nerve fibers in the distal part of a nerve axon that has been separated from the cell body by cutting or crushing. Lunn et al. (1) found that mice from a substrain of C57BL, known as C57BL/Ola, showed an abnormally slow form of Wallerian degeneration, in response to experimental transection of the sciatic nerve. In the abnormal animals the peripheral portion of the nerve retained the ability to transmit an impulse for up to 2 weeks after section (1, 2), whereas in normal controls this ability was lost by 2-3 days. It was thus possible to classify animals as normal or abnormal in segregating litters. Perry et al. (3) studied the inheritance of the defect in crosses of C57BL/Ola with strain BALB/c and showed that it behaved as though it were due to a single autosomal dominant gene, with heterozygotes slightly less affected than homozygotes. The mutant gene is of considerable interest for its potential to throw light on the normal processes of nerve degeneration and regeneration after damage. It was thus important to characterize the gene further, and a first step in this characterization was to map the gene.
We here report the mapping of the gene first by conventional methods to chromosome 4 and then by molecular methods in relation to markers in its vicinity. We products were electrophoresed in a vertical nondenaturing 10% acrylamide gel in 45 mM Tris borate/l mM EDTA, pH 8.0. Bands in the gels were detected either by ethidium bromide or by silver staining.
RESULTS
In general, the expression of the mutant phenotype was not impaired by crosses to the various linkage-testing stocks, and in most cases a good 1:1 segregation of mutant to normal animals was found. However, in the course of this work, the expression of the mutant phenotype was found to vary with age, with the phenotype of the mutants gradually becoming weaker with increasing age and approaching normal (2). This effect of age had not been appreciated before this work was begun, and some animals were not scored for Wld until the age of 3-8 months. Among these animals, some showed an intermediate phenotype in this assay and these were scored as mutant. It is likely that there were also some older mutants which overlapped normal and were scored as normal, as there was marked departure from 1:1 segregation, with a shortage of mutants, among the older animals.
Prelininary for Wld and for markers in the distal region of the chromosome. Markers which could be typed by PCR were preferred. Those chosen were the microsatellite markers D4Mitll, D4Mit33, and D4Mit42; a microsatellite variant at the locus of D4Smh6b, and restriction fragment length variants at the loci ofPnd and Eno-J (Tables 1 and 2 ). A total of 307 offspring were scored for these markers and for Wld.
Among these animals, 13 were excluded because of doubtful or missing results with one or more DNA markers. A further 12 were omitted because their Wld typings were discordant with the DNA results. Such discrepancies could have arisen, as mentioned above, through normal overlapping of Wld, or through recording errors. The results from the remaining 282 animals, shown in Fig. 1 , indicate the order of loci to be cen-D4Mitll4Wld, Pnd)-(Eno-1, D4Mit33)-D4Mit42-D4Smh6b. This order requires the minimum number of chiasmata. No crossovers were observed between Eno-l and D4Mit33, and only two crossovers between Pnd and Eno-], which placed Eno-l distal to Pnd. The position of Wld was ambiguous, as two animals suggested it to lie between D4Mitl and Pnd, whereas one animal suggested the order D4Mitl1-Pnd-Wld.
The 54 animals in which there was a crossover in the interval D4Mit1J to Eno-] were then further scored for markers thought to lie in this region. These included the microsatellite markers D4Mit48 and D4Mit49 and restriction fragment length variants for Fuca and Akp-2 (Tables 1 and 2 The results (Fig. 2) suggested the order of loci cen-D4Mitll-Fuca-Akp-2-D4Mit48-(D4Mit49, Pnd, Wld)-Eno-1. However, the order of the DMit49, Pnd, and Wld loci remained ambiguous. There were 3 animals in which these three loci were apparently not inherited together. However, one of these was such that it could not have resulted from a single crossover, whatever the order of the three loci. This animal may have arisen through some other phenomenon, such as gene conversion, or may have been the result of a scoring error of some kind. Of the remaining two animals, one could be explained by a single crossover if the order were cenPnd-(Wld, D4Mit49)-Eno-l and the other if the order were cen-Wld-(Pnd, DMit49)-Eno-1. Thus, it is not possible to determine which order is more probable. Ifthe three apparent crossovers in the region (Wld, Pnd, D4Mit49) are discounted the recombination of this group with D4Mit48 is 3.5 ± 1.1.
DISCUSSION
The results have shown clearly that the locus of Wld lies in the distal region of chromosome 4 and have provided information on the order of loci in this chromosomal region. In particular, various simple sequence length polymorphisms of the Mit series (7, 10) have been mapped relative to other markers. The marker D4Mitl I was located proximal to Fuca and Akp-2, whereas D4Mit48 lay between Akp-2 and Pnd. Two crossovers separated Eno-] from Pnd, and D4Mit33 was not separated from Eno-l. D4Mit42 lay between (Eno-l, DMit33) and D4Smh6b. DMit49 was very close to Pnd but could be either distal or proximal to it. These results are in good agreement with the existing map of chromosome 4 (6, 12) (Fig. 3) and with the preliminary placing of the D4Mit markers by Dietrich et al. (7), and also with the recent data of Eicher and Shown (13) who also located D4Mit42 between Pnd and D4Smh6b. In addition, the recombination values (Table 3) are consistent with those of Eicher and Shown for DMitll, Pnd, DMit42, and D4Smh6b. These new data on chromosome 4 will be valuable in more detailed genetic and physical mapping of the region.
The data show that the Wld locus lies very close to those ofPnd and the simple sequence length polymorphism marker DMit49 but do not enable the order of these three loci to be determined. Possibly there was a problem in the scoring of the Wld phenotype. In the preliminary mapping data with the visible marker jerker, je, there was a shortage of affected Wlds animals probably explained by normal overlapping, due to some animals being unduly old when scored, and the reduced phenotype of Wlds with increasing age. For the molecular mapping work all animals were scored before 3 months of age. The phenotype was very marked and from the good 1:1 ratio of Wlds to normal animals, it is clear that the age effects had been overcome. However, the phenotype of Wlds is also affected by the environment of the animals (3) in that conventionally reared animals exhibit a weaker phenotype than those reared in isolators. The animals in this study were conventionally reared. It is possible that in an occasional animal some adverse effect of the environment may have led to a reduction of the Wlds phenotype. Such animals, if they occurred, must have been rare but might pose a difficulty in very fine mapping of Wld.
The Wlds mutant is of great interest because of its effect on Wallerian nerve degeneration, a process which is still poorly understood. Animals with Wlds show delayed Wallerian degeneration of both peripheral and central nervous system axons and also delayed retrograde degeneration of retinal ganglion cells (1, 14) . The abnormality is known to be an intrinsic property of the nerve axons (15, 16) . Further understanding of the Wld gene and its gene product could potentially provide insight into the mechanism of Wallerian degeneration, and through this into nerve degeneration and regeneration in general. The region of mouse chromosome 4 in which the Wld locus lies is homologous with the human chromosomal region lp34-1p36. Thus, candidate genes may be sought not only in the mouse, but also in this human chromosomal region.
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